ABSTRACT Plasmid R773, which codes for resistances to arsenate, arsenite, and antimony, was introduced into Escherichia coli strain AN120, a mutant deficient in the H+-translocating ATPase of oxidative phosphorylation. Cultures depleted of endogenous energy reserves were loaded with 74AsO3-, and arsenate efflux was measured after dilution into medium containing various energy sources and inhibitors. Rapid extrusion ofarsenate occurred when glucose was added. Arsenate was extruded both against and down a concentration gradient. In this strain glucose allows formation of both ATP via substrate-level phosphorylation and an electrochemical proton gradient (or protonmotive force) via oxidation of the products ofglycolysis. When oxidation was inhibited by cyanide, glucose metabolism still produced arsenate efflux. Energy sources such as succinate, which supplies a protonmotive force but not ATP, did not result in efflux. Measurement of intracellular ATP concentration under each set of conditions demonstrated a direct correlation between the rate of efflux and ATP levels. Osmotically shocked cells lost the ability to extrude arsenate; however, no arsenate-binding activity was detected in osmotic shock fluid from induced cells. These results suggest that the arsenate efflux system is coupled to cellular ATP rather than an electrochemical proton gradient, possibly by an arsenate-translocating ATPase.
The plasmid resistance factor R773, described by Hedges and Baumberg in 1973 (1) , confers upon its host inducible resistance to arsenate, arsenite, and antimony (2) . The plasmid is a member of the F1 compatibility group and is easily transferred among strains of Escherichia coli (1) as well as between genera of the Enterobacteriaceae (3) . Arsenate resistance is due to an energy-dependent efflux system (4) .
Since the advent of antibiotic treatment of microbial infections, the selective pressures on bacterial populations have spread the genes coding for resistance mechanisms. Plasmids often carry these antibiotic and heavy metal compound resistances. Several plasmid-mediated mechanisms have been proposed for protection against antibiotics (5) , including alterations oftarget site, enzymatic degradation, enzymatic alteration, and altered transport. Several examples of transport alterations have been reported. Notably, Levy and McMurry (6) reported a plasmid-mediated tetracycline resistance in which the plasmid-bearing cells demonstrated an apparent block in transport of the antibiotic. Weiss et aL (7) reported a plasmid-mediated reduction in uptake of cadmium in Staphylococcus aureus. In 1981, Silver etaL (2) described inducible resistances to arsenate, arsenite, and antimony in plasmid-bearing strains of S. aureus and E. coli. In all of these examples, subsequent reports by McMurry et aL (8) , Tynecka et al. (9) , and Silver and Keach (4) demonstrated that resistances to tetracycline, cadmium, and arsenate, respectively, were due to energy-dependent efflux systems. The solutes were found to enter the cells but were rapidly expelled.
Generally, transport systems in bacteria have been found to fall into three classes (10) : (i) group translocation systems, (ii) secondary porters linked directly to the protonmotive force, and (iii) systems coupled to phosphate bond energy. In the Enterobacteriaceae types ii and iii can be further classified into those sensitive to the effects of cold osmotic shock and those resistant to the effect (11, 12) . By using a mutant defective in the H+-translocating ATPase, in which the connection between oxidation and phosphorylation is broken, Berger (11) and Berger and Heppel (12) could establish conditions under which the energy resources ofthe cells consisted solely ofphosphate bond energy, solely of a protonmotive force, or a combination of the two. They showed that transport by osmotic shock-sensitive systems is coupled to phosphate bond energy (perhaps ATP, although this has not been conclusively demonstrated), whereas shock-resistant systems are linked to the protonmotive force by cotransport or exchange with an ion (usually H+) or by electrophoretic movement in response to the membrane potential.
Energy-dependent efflux systems are emerging as a newly recognized class of plasmid-mediated antibiotic and heavy metal resistance in bacteria. The unique nature of these transport systems prompted us to investigate the energetics of the plasmid-mediated arsenate resistance system. On the basis of the following studies of arsenate extrusion in energy-depleted cells of an E. coli strain lacking the H+-translocating ATPase, we conclude that arsenate efflux is coupled to phosphate bond energy and not to a protonmotive force.
MATERIALS AND METHODS Bacterial Strains and Growth Conditions. E. coli K-12 strain AN120 (F-arg rpsL uncA401) was obtained from F. Gibson (13) . E. coli K-12 strain J53(R773) (pro met) harboring plasmid R773 (with resistances to arsenate, arsenite, antimony, and tetracycline) was kindly provided by S. Silver (2) . Plasmid R773 was transferred from strain J53(R773) to strain AN120 by conjugation (14) . Recombinants were selected for resistance to streptomycin (100 ,ug/ml) and tetracycline (20 Ag/ml) on LB (14) agar plates. Recombinants were screened for resistance to 2.5 mM arsenite. Cultures were grown either in LB broth or in triethanolamine-buffered minimal medium (2), pH 6.5, supplemented with 5 mM potassium phosphate, glucose (0.5%), arginine (50 ,ug/ml), and thiamine (2.5 ,g/ml). Growth was monitored by measuring optical density at 615 nm. Arsenate resistance was induced by addition of 0.2 mM sodium arsenite to an exponentially growing culture. After 1 hr at 37°C the arsenite concentration was raised to 1 mM, and growth was continued for an additional hour.
Abbreviations: FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; PMS, phenazine methosulfate.
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Transport Assays. E. coli AN120(R773) was loaded with radioactive arsenate, and efflux was measured by a modification of the method of Silver and Keach (4) . Cells grown in 100 ml of LB broth were induced with sodium arsenite, harvested at late exponential phase, and washed twice with triethanolaminebuffered minimal medium. The cells were depleted of endogenous energy reserves by incubation at 370C for 2 hr in 100 ml oftriethanolamine-buffered minimal medium containing 5 mM 2,4-dinitrophenol and then washed three times with triethanolamine-buffered minimal medium. The cells were suspended in a total of 0.2 ml of triethanolamine-buffered minimal medium containing 3 mM 74AsO3-(43 mCi/mmol; 1 Ci = 3.7 X 1010 becquerels) and incubated at room temperature for 1 hr. Fig. 1 reduced PMS. Glucose-supported efflux was more rapid in the presence offluoride than might be expected from the ATP levels. This may indicate that other metabolic products of glucose metabolism can support efflux. However, when efflux from energy-depleted cells was measured at early times, there was a lag of 10-20 sec, which correlated well with a lag in ATP synthesis (Fig. 2) . This suggests that the immediate donor ofenergy to the arsenate transport system is ATP itself or another compound that is in rapid equilibrium with ATP. 
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In on the efflux system. We have noted that cells grown in rich medium lose ability to transport most solutes after osmotic shock. For this reason, the cells used for the osmotic shock experiments were grown in triethanolamine-buffered minimal medium with glucose as a carbon source. The cells were osmotically shocked and loaded with arsenate. Osmotic shock drastically reduced the ability of induced plasmid-bearing cells to extrude intracellular arsenate down a concentration gradient (Fig. 3A) . Proline transport, a shock-resistant system driven by the protonmotive force (11, 12) , was unaffected (Fig. 3B) , indicating that loss of the arsenate efflux was not due to nonspecific effects. ATP levels were measured in shocked and unshocked arsenate-loaded cells (Fig. 3C) (Fig. 2) . These observations are consistent with the work ofSilver and Keach (4). Although they did not demonstrate directly a dependence on ATP, they showed that arsenate efflux in S. aureus was not sensitive to valinomycin, which should dissipate the protonmotive force. They concluded that arsenate efflux in S. aureus is not protonmotive force-linked. Because the S. aureus and E. coli systems have many similarities, they also suggested by analogy that the E. coli system might not be linked to a protonmotive force.
Osmotic shock treatment diminished the capability of the transport system to extrude arsenate. Transport systems sensitive to osmotic shock have generally been found to be driven by energy derived from ATP (11, 12) . This effect of osmotic shock on such systems is generally attributed to the loss of a periplasmic binding protein (17) . To investigate this possibility, we introduced the R773 plasmid into a phoS mutant strain, which lacks the phosphate binding protein (20 (22) have demonstrated an ATP-coupled ion transport system whose activity is reduced by osmotic shock but that does not utilize a binding protein. Osmotic shock significantly reduces K+ transport via the Kdp system of E. coli, yet the components of this system are localized within the inner membrane and do not include a periplasmic binding protein (23) . In this case also protonmotive force-linked transport was unaffected by osmotic shock, suggesting that osmotic shock treatment may have effects other than release of a binding protein.
It is not immediately obvious why a primary pump should be necessary for the maintenance of a low intracellular anion concentration. Because the electrochemical proton gradient is oriented outwards positive and acid, a uniporter could catalyze anion extrusion by simple electrophoretic movement. An ATPlinked pump has one major advantage over a uniporter. The latter is limited to extruding its substrate only to its equilibrium potential-i.e., the ratio of ion inside the cell to outside goes to equilibrium with the proton gradient. This could present problems in the face of high external anion or low protonmotive force. Thus, a uniporter would place the cell at the mercy of its environment. An ATP-linked pump has no such restriction. It can pump out ion far in excess ofthe proton equilibrium, maintaining a constant and low cytosolic ion concentration more or less independent of the external concentration. The knowledge that extrachromosomal elements can code for primary pumps is of importance for our understanding of the mechanisms of plasmid-mediated drug and heavy metal resistances.
